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Nonsynaptic Glycine Receptor Activation
during Early Neocortical Development
week and remains only at a low level in the adult neocor-
tex (Malosio et al., 1991; Sato et al., 1992). Immunohisto-
chemistry for an a subunit epitope has confirmed this
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developmental expression pattern at the protein level²Department of Neurology
and shown that the a subunit protein is expressed atColumbia University
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These findings show that the necessary components
of functional GlyRs are present during early neocortical
development, but the physiological role that GlyRs playSummary
in cell±cell communication in the developing neocortex
is unknown. Studies of the synaptic activity of neona-Glycine receptors (GlyRs) contribute to fast inhibitory
tal cortex have indicated that both spontaneous andsynaptic transmission in the brain stem and spinal
evoked synaptic currents are abolished by antagonistscord. GlyR subunits are expressed in the developing
of glutamate and GABA receptors (Burgard and Hablitz,neocortex, but a neurotransmitter system involving
1993; Kim et al., 1995; Owens et al., 1996; Flint et al.,cortical GlyRs has yet to be demonstrated. Here, we
1997), suggesting that GlyRs might be nonsynapticallyshow that GlyRs in immature neocortex are excitatory
activated during early cortical development. Neonataland activated by a nonsynaptically released endoge-
cortical neurons have high intracellular chloride concen-
nous ligand. Of the potential ligands for cortical GlyRs,
trations (Owens et al., 1996), so it is likely that GlyRs
taurine is by far the most abundant in the developing expressed by immature cortical neurons would be excit-
neocortex. We found that taurine is stored in immature atory, in contrast to the inhibitory role of these receptors
cortical neurons and that manipulations known to ele- in the adult. Indeed, responses of immature hippocam-
vate extracellular taurine cause GlyR activation. These pal neurons to glycine have been found to be depolariz-
data indicate that nonsynaptically released taurine ac- ing (Ito and Cherubini, 1991).
tivates GlyRs during neocortical development. As fetal The nature of the ligand acting on cortical GlyRs is
taurine deprivation can cause cortical dysgenesis, it also unclear. Although glycine is abundant in brain re-
is possible that taurine influences neocorticaldevelop- gions such as the spinal cord, where GlyRs mediate
ment by activating GlyRs. synaptic inhibition (van den Pol and Gorcs, 1988; Clem-
ents et al., 1990), glycine is found at very low levels in
Introduction the developing neocortex (Aprison et al., 1969; Neal,
1971), suggesting that another endogenousligand might
In the spinal cord and brainstem, synaptically released activate cortical GlyRs. Taurine, which is known to acti-
glycine mediates fast synaptic inhibition by activating vate GlyRs (Schmieden et al., 1992; Hussy et al., 1997),
glycine receptors (GlyRs) that form chloride-selective is particularly abundant in the developing neocortex
(Agrawal et al., 1971; Sturman et al., 1977, 1978). More-ion channels (Krnjevic, 1981; Betz, 1992; Kuhse et al.,
over, levels of taurine acid decline significantly after1995). On the basis of autoradiography with the GlyR
early postnatal development (Sturman et al.,1977, 1978),antagonist strychnine, it has been thought that these
consistent with a role for this amino in cortical develop-receptors are absent from the cerebral cortex and other
ment. Taurine can be released from immature cerebralrostral regions of the CNS (Frostholm and Rotter, 1985).
cortex in response to depolarization by KCl (Collins andIndeed, activation of a different chloride-selective chan-
Topiwala, 1974; Clark and Collins, 1976; Oja and Sar-nel, theGABAA receptor, appears tobe the sole mediator
ansaari, 1992), tetanic electrical stimulation (Collins andof fast inhibitory synaptic transmission in the cerebral
Topiwala, 1974; Kubo et al., 1992), or hypoosmoticcortex (Connors et al., 1988; Jones, 1995). Therefore,
shock (Oja and Saransaari, 1992).the notion that GlyRs are not expressed in the neocortex
It thereforeappears that GlyRs may play a novel physi-persisted until the recent demonstration that cloned
ologic role in the developing neocortex, but no directGlyR subunits are expressed at high levels during early
evidence exists for a functional transmitter system in-cortical development.
volving these receptors in the developing cortex. Here,Cloned GlyR subunits include the ligand-binding
we show that GlyRs are functional on immature migrat-48±49 kDa subunits a1±a4 (Betz et al., 1994; Matzen-
ing and differentiating neurons in slices of embryonicbach et al., 1994) and a 58 kDa b subunit (Grenningloh
and early postnatal cortex. In contrast to the inhibitory
et al., 1990) that contributes to pore formation but does
role of these receptors in the mature spinal cord, GlyR
not bind known ligands. In situ hybridization studies
activation in the developing neocortex is excitatory,
have revealed that the a2 and b subunits of the GlyR leading to increased synaptic activity and elevation of
are expressed in rat cerebral cortex during early devel- intracellular calcium. We further demonstrate that GlyRs
opment (Malosio et al., 1991). While the b subunit per- are activated by a nonsynaptically released ligand and
sists into adulthood, expression of the ligand-binding present evidence that taurine may be the endogenous
a2 subunit declines sharply following the first postnatal ligand acting on cortical GlyRs. These data demonstrate
the existence of a novel signaling system inearly cortical
development involving GlyRs.³To whom correspondence should be addressed.
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Figure 1. GlyRs Are Expressed by Embryonic
and Early Postnatal Neocortical Neurons
(A1) Whole-cell patch-clamp recordings from
postnatal neurons (P0±P4) demonstrate re-
sponses to the GlyR agonists glycine (1 mM,
n 5 60/60) and taurine (1 mM, n 5 40/40). As
shown, glycine currents slowly desensitize,
whereas taurine currents do not. Both traces
are in the presence of bicuculline (10 mM)
to block GABAergic synaptic activity. Below,
the GlyR antagonist strychnine (30 mM)
blocks responses to both glycine (1 mM) and
taurine (1 mM, n 5 15).
(A2) Glycine and taurine currents cross-
desensitize, demonstrating action at the
same receptor. Taurine (1 mM) applied at the
steady state of glycine-induced (1 mM) re-
ceptor desensitization produced a signifi-
cantly attenuated current (19.1% 6 11.1% of
control taurine currents, p , 0.005, Student's
t test), whereas no significant cross-desensi-
tization was observed between glycine (1
mM) and GABA currents (87.4% 6 17.7% of
control).
(B1) Neural precursor cells (neuroblasts) in the
E19 ventricular zone (VZ) do not respond to
either glycine (1 mM) or taurine (1 mM,
n 5 8). In contrast, newly postmigratory neurons of the E19 cortical plate respond to both glycine (1 mM) and taurine (1 mM, n 5 12/12).
(B2) Immature migratory neurons with bipolar morphology in the intermediate zone (IZ) respond to both glycine (1 mM) and taurine (1 mM,
n 5 4/4) at E19. The high input resistance of these very small immature neurons allowed for resolution of individual channel openings during
whole-cell recording. At the same age, immunolabeling demonstrates the presence of the ligand-binding a subunit of the GlyR on bipolar
migratory neurons in the IZ. For all traces in this figure, holding potential (VH) 5 260 mV and [Cl2]pipette 5 133 mM. Scale bars in (B2), 8 mm.
Results the cell cycle and migrate away from the VZ. To test
this possibility, recordings were made from migrating
neurons in the intermediate zone (IZ) at E19. ImmatureFunctional Expression of Glycine Receptors
in Developing Neocortex migrating neurons with small voltage±gated sodium cur-
rents (data not shown) and bipolar morphology (FigureTo determine whether GlyRs are functionally expressed
in the developing neocortex, whole-cell patch-clamp 1B2) responded to both glycine (1 mM) and taurine (1
mM) (Fig 1B2, n 5 4/4). To confirm expression in migrat-recordings were made in intact slices of neocortex from
neonatal rats (postnatal days P0±P4). All neurons exam- ing bipolar neurons in the IZ, we performed immuno-
staining with a monoclonal antibody against the GlyR ained at these ages responded to focal application of
either glycine (1 mM) (Figure 1A1, n 5 60/60) or taurine subunit (MAb-4a) (Becker et al., 1993). Intense labeling
was observed in neurons of the IZ (Figure 1B2) and CP(1 mM) (Figure 1A1, n 5 40/40) in the presence of bicucul-
line to block GABAA receptors. Glycine responses slowly at E19. As expected, no staining was observed in VZ
cells (data not shown). Similar to previous studies usingdesensitized, while taurine responses did not desensi-
tize (Figure 1A1). Responses to glycine and taurine were MAb-4a in early postnatal neocortex (Becker et al.,
1993), we found that staining in the CP was sufficientlyreversibly blocked by the GlyR antagonist strychnine
(30 mM) (Figure 1A1, n 5 15). Cross-desensitization ex- dense toprevent visualization of single neurons in 50 mm
sections. However, labeling in the cell-sparse IZ allowedperiments showed that receptor desensitization with
glycine (1 mM) attenuated taurine responses (19.1% 6 cellular visualization and revealed GlyR protein expres-
sion that was restricted to the soma and leading pro-11.1% of control) but not responses to the amino acid
neurotransmitter GABA (10 mM) (87.4% 6 17.7% of con- cess, as shown in Figure 1B2. Therefore, functional
GlyRs first appear on migratory embryonic cortical neu-trol), indicating that glycine and taurine indeed act at
the same receptor to elicit currents in cortical neurons rons and continue to be expressed in the early postnatal
cortex. Consistent with previous observations demon-(Figure 1A2, n 5 4, p , 0.005 for Itaurine versus IGABA re-
duction). strating a significant decline in the expression of GlyR
a subunit mRNA and protein (Malosio et al., 1991; SatoWe next made whole-cell recordings from slices of
embryonic neocortex to examine when functional GlyRs et al., 1992; Becker et al., 1993) in the neocortex follow-
ing the first few postnatal weeks, we observed that up-first appear during cortical neurogenesis. Neurons of
the embryonic cortical plate (CP) at embryonic day 19 per layer pyramidal neurons at P28 had little or no re-
sponse to glycine (1 mM) (n 5 8, data not shown).(E19) showed glycine and taurine responses in all cases
(Figure 1B1, n 5 12/12). In contrast, we found that prolif-
erating neuroblasts of the embryonic ventricular zone Properties of the Cortical Glycine Receptor
To characterize further the nature of the GlyR isoform(VZ) did not express functional GlyRs (Figure 1B1, n 5
8). This pattern of functional expression suggested that expressed in developing neocortex, we analyzed basic
channel properties, chloride permeability, and dose-neurons might begin to express GlyRs once they leave
Glycine Receptors in Developing Neocortex
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Figure 2. Electrophysiological Characteriza-
tion of the Cortical GlyR
(A) Large amplitude, prolonged channel open-
ings in response to taurine (1 mM) or glycine
(1 mM) in the same outside-out patch from a
postnatal cortical neuron.
(B) At least two distinct conductance states
are observed in response to glycine or taurine
application in the same patches.
(C) The two most prominent conductance
states (as shown in [B]) correspond to 94 pS
and 50 pS (VH 5 260 mV and [Cl2]pipette 5 133
mM).
(D) Use of whole-cell patch pipettes with dif-
ferent values of [Cl2]pipette shifts the reversal
potential of the glycine-induced current. Nor-
malized current responses to glycine (1 mM)
at varying holding potentials are shown for
three concentrations of [Cl2]pipette: 16 mM
(squares), 44 mM (diamonds), and 133 mM
(circles).
(E) Pooled data (mean 6 SEM, error bars not
visible for 44 and 133 mM) for four neurons
at each concentration of [Cl2]pipette show that
GlyR currents approximate the values pre-
dicted by the Nernst equation for chloride
(dotted line).
(F) Dose-response curves for glycine and tau-
rine and the dose-inhibition curve for strych-
nine in neonatal cortical neurons. In each
case, the data were fit with the Hill equation.
Half-maximal concentrations (EC50/IC50) and
Hill coefficients, respectively, were 0.9 mM
and1.4 for glycine, 1.1mM and 1.8 for taurine,
and 6.2 mM and 2.2 for strychnine.
response characteristics of the receptor. In outside-out (Figure 2F, n 5 12). The affinities of these agonists, as
well as that of the antagonist strychnine (IC50 5 6.2 mM)patch-clamp recordings from neonatal and embryonic
neurons, large amplitude channel openings were ob- (Figure 2F, n 5 6), are much lower than reported values
for the GlyR expressed in the adult spinal cord (Taka-served in response to both glycine (100 mM to 1 mM)
and taurine (100 mM to 1 mM) (Figure 2A, n 5 20), and hashi et al., 1992). The low strychnine affinity of the
cortical GlyR could explain the failure of autoradiogra-channel activity was not observed when the agonists
were applied in the presence of strychnine (30 mM) (data phy to detect the presence of glycine receptors in the
forebrain.not shown, n 5 4). Two prominent conductance states
corresponding to 94 pS and 50 pS (Figures 2B and 2C)
were observed in outside-out patches in response to Activation of Glycine Receptors in Neonatal
Cortex Is Excitatoryglycine or taurine. These conductances are similar to the
main conductance states reported for neonatal spinal Immature cortical neurons have a high intracellular chlo-
ride concentration (Owens et al, 1996). Thus, activationneurons and a2 channels expressed in Xenopus oocytes
(Takahashi et al., 1992). We then investigated whether of the chloride-conducting GABAA receptor is depolariz-
ing in young cortical neurons and leads to rises in freeneocortical GlyRs primarily conduct chloride, as is the
case for known GlyR isoforms (Kuhse et al., 1995). As [Ca21]i via voltage±gated calcium channel activation
(Owens et al., 1996). Glycine receptor activation wouldexpected, at different values of [Cl2]pipette, the reversal
potential for glycine-evoked currents was very close to therefore be expected to have similar effects. In early
postnatal neurons (P0±P4), glycine-induced inward cur-the Nernst equilibrium potential for chloride (Figure 2E,
n 5 12). Finally, the dose-response characteristics of rents were accompanied by coincident increases in syn-
aptic activity resulting from depolarization of local neu-the cortical GlyR were found to be similar for glycine
and taurine (EC50 5 0.9 mM and 1.1 mM, respectively) rons (Figure 3A, n 5 30). These fast inward currents
Neuron
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Long-Lasting Glycine Receptor Activation by
Stimulation of Individual Cortical Neurons
To determine if GlyRs can be activated by an endoge-
nous ligand released by local neurons, we investigated
whether GlyRs could be activated by focal stimulation
of early postnatal cortical neurons (P0±P4). Single-pulse
minimal stimulation with a patch pipette placed in appo-
sition to individual neurons (Bolshakov and Siegelbaum,
1995; Figure 5A) evoked synaptic currents that were
entirely blocked by antagonists of GABA and glutamate
receptors (n 5 10, data not shown). The same lack of
GlyR involvement in evoked synaptic transmission wasFigure 3. GlyR Activation in Neonatal Neocortex Is Excitatory
observed when a bipolar electrode was used to stimu-(A) Application of glycine in the postnatal cortex (P0±P4) produces
an inward current along with a barrage of postsynaptic currents late large numbers of neurons and fiber tracts at various
(PSCs). QX-314 (10 mM) was included in the pipette solution to positions in the slice (Figure 5B, n 5 20, P0±P9), confirm-
block voltage±gated sodium channels in the recorded cell. The fast ing previous studies of synaptic transmission in imma-
rise and exponential decay of one PSC is shown in the inset.
ture cortex (Burgard and Hablitz, 1993; Kim et al., 1995;(B) The glycine-evoked PSCs are antagonized by the GABAA recep-
Owens et al., 1996; Flint et al., 1997). We additionallytor antagonist bicuculline (50 mM, n 5 20), as shown for two applica-
examined spontaneous synaptic activity inneonatal cor-tions of glycine to the same cell.
tical neurons and found that application of bicuculline
(50 mM) to the slice reversibly abolished spontaneous
synaptic events (data not shown, n 5 20, P0±P7). In
with exponential decays (see inset, Figure 3A) were not contrast, recordings made under similar conditions from
antagonized by intracellular application of the voltage± the ventral horn of the spinal cord at the same age show
gated sodium channel blocker QX-314 (10 mM) via the a high frequency of spontaneous PSCs (sPSCs) that are
pipette solution (n 5 8). As the majority of spontaneous relatively unaffected by bicuculline (50 mM) but revers-
local synaptic activity in neocortical slices at P0±P4 is ibly abolished by strychnine (1 mM) (data not shown,
GABA-mediated (Owens et al., personal communica- n 5 3).
tion), the increase in synaptic activity caused by GlyR As certain forms of neurotransmission have been de-
activation was largely due to synaptic GABAA receptor scribed that rely on repetitive depolarization (Vignes and
activation and was blocked reversibly by bicuculline (50 Collingridge, 1997; Castillo et al., 1997), and because
mM) (Figure 3B, n 5 20). In the presence of tetrodotoxin tetanic stimulation has previously been shown to cause
(TTX) (2 mM), no significant increase in miniature post- taurine release from immature cortical slices (Collins
synaptic currents (PSCs) was observed with glycine (1 and Topiwala, 1974; Kubo et al., 1992), we examined
mM) application (data not shown, n 5 5), demonstrating whether tetanic stimulation of local neurons could cause
that the effect of glycine on cortical PSCs occurs via release of an endogenous GlyR ligand. Using focal stim-
depolarization and action potential±dependent release. ulation of individual neurons (Figure 5A), we found that
These data demonstrate that glycine receptor activation tetanic stimulation (20±50 Hz, 5±10 pulses) in the pres-
on GABAergic interneurons causes depolarization and ence of GABA and glutamate receptor antagonists could
synaptic release of GABA. produce large, long-lasting inward currents in nearby
cells (n 5 25) that were reversibly blocked by strychnine
Activation of Glycine Receptors in Neonatal (50 mM) (Figure 5C, n 5 6). These prolonged currents
Cortex Causes Elevation of [Ca21]i were dependent on [Cl2]pipette, as expected for GlyR acti-
To investigate further the cellular consequences of exci- vation, becoming outward with low [Cl2]i and a holding
tation by GlyRs, we measured intracellular calcium potential of 0 mV (Figure 5D, n 5 8). As GlyRs were not
changes in slices using confocal microscopy and the involved in fast synaptic transmission, we next ad-
calcium indicator fluo-3. In the presence of bicuculline dressed whether these slow tetany-induced currents
(50 mM) to block GABAergic synaptic activity, applica- might be independent of conventional action potential-
tion of glycine (1 mM) resulted in a prolonged rise in free and calcium-dependent release. We found that these
[Ca21]i that was reversibly antagonized by strychnine (30 currents persisted in the presence of TTX (2 mM), 0
mm) in the majority of neurons in the slice (Figure 4A, n 5 [Ca21]o, and EGTA (2 mM) (Figure 5E, n 5 6). These data
3 slices). Because GABAergic interneurons are greatly demonstrate that GlyRs in the early postnatal neocortex
outnumbered by glutamatergic pyramidal neurons in are endogenously activated by nonconventional trans-
cortex (Jones, 1995), the rise in [Ca21]i observed in most mitter release from local neurons upon depolarization.
cells in the presence of bicuculline (50 mM) strongly
suggests that glutamatergic neurons, in addition to
GABAergic neurons, can be depolarized by glycine at Tonic Activation of Cortical Glycine Receptors
The slow, TTX-insensitive GlyR currents elicited by focalthis age. In some cases, calcium rises in response to
glycine were observed in neurons loaded sufficiently stimulation suggested that depolarization might serve
to enhance a low basal level of endogenous transmitterwell with fluo-3 to establish pyramidal morphology (Fig-
ure 4B). As expected, application of taurine (1 mM) in release and therefore that some neurons in the slice
might display a tonic activation of GlyRs. Such tonicthe presence of bicuculline (50 mM) also produced long-
lasting rises in free [Ca21]i (Figure 4C, n 5 5 slices). activation of neurotransmitter receptors in immature
Glycine Receptors in Developing Neocortex
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Figure 4. GlyR Activation in Neonatal Neocortex Elevates [Ca21]i
(A) Above, confocal micrographs of calcium imaging experiments using the indicator dye fluo-3 show the peak response to glycine (1 mM)
in the presence of bicuculline (50 mM) and reversible antagonism by strychnine (30 mM) in postnatal cortex (P0). Images are pseudocolored
according to the scale at left, which represents a linear increase in fluo-3 fluorescence. Below, timecourse of the response shown in each
panel above quantified for eight representative neurons in the field (mean 6 SEM percent change in fluorescence over baseline fluorescence,
%DF/F).
(B) In some experiments, loading with the indicator dye was sufficient to observe pyramidal morphology and rises in free [Ca21]i in apical
dendrites (arrows), as shown compared to the [Ca21]i rise in the soma of the same cell.
(C) Application of taurine (1 mM) also produced long-lasting [Ca21]i increases in postnatal cortical neurons (P0).
slices has been demonstrated for both GABAA receptors our observation that strychnine alone (50 mM) applied
to cells displaying spontaneous GABAergic PSCs caused(LoTurco et al., 1995; Brickley et al., 1996; Owens et
al., personalcommunication) and NMDA-type glutamate an outward current without blocking the sPSCs (Figure
6C, n 5 5). Therefore, early postnatal cortical GlyRs arereceptors (LoTurco et al., 1991). We therefore asked
whether GlyRs are tonically activated at early stages of activated by an endogenous ligand that can be released
tonically and can be released at higher levels followingcortical development. In the presence of bicuculline (50
mM), focal application of strychnine (50 mM) produced repetitive depolarization.
reversible outward currents in z50% of neonatal neu-
rons (Figure 6A, P0±P2, n 5 11/21), indicating that many
neurons in the slice are exposed to a tonic, slow release Evidence that Taurine Is the Endogenous
Ligand Acting on Corticalof an endogenous ligand. Also, in immature neurons
with very high input resistances (1±2 GV) in the cortical Glycine Receptors
To address the hypothesis that taurine is the releasedplate of P0±P1 slices, spontaneous strychnine-sensitive
GlyR channel activity was observed (Figure 6B, n 5 ligand acting on cortical GlyRs, we blocked cellular tau-
rine uptake using guanidinoethylsulfinate (GES), a spe-5). Further confirmation that the action of strychnine in
these experiments is specific to GlyR antagonism and cific inhibitor of sodium-taurine cotransport (Lom-
bardini, 1978; Huxtable et al., 1980; Kishi et al., 1988)not due to an effect on GABAA receptors comes from
Neuron
48
Figure 5. Focal Tetanic Stimulation of Indi-
vidual Neurons Activates GlyRs on Nearby
Neurons
(A) Focal stimulation of one cortical neuron
with a patch pipette (stim, left) and whole-
cell patch-clamp of another (rec, right) in the
early postnatal cortex (P2) viewed by infrared
differential interference contrast (IR-DIC) mi-
croscopy.
(B) Fast synaptic transmission in neonatal
cortex is completely blocked by DNQX (10
mM), AP-5 (50 mM), and bicuculline (10 mM),
which block glutamate and GABAA receptors.
This result is observed with either bipolar
stimulation (shown) or the focal stimulation
technique pictured in (A).
(C) Tetanic stimulation (5 pulses at 50 Hz)
using focal stimulation of nearby (50±100 mm)
neurons produces slow, very long-lasting in-
ward currents in the presence of DNQX (10
mM), AP-5 (50 mM), and bicuculline (10 mM;
VH 5 260 mV and [Cl2]pipette 5 133 mM). Note
the difference in time scale between (B) and
(C). This inward current is reversibly blocked by strychnine (50 mM), demonstrating mediation by GlyRs.
(D) The tetany-induced current is dependent on the concentration of [Cl2]pipette, such that a slow outward current is observed in response to
tetany with 16 mM [Cl2]pipette and VH 5 0 mV in the presence of DNQX (10 mM), AP-5 (50 mM), and bicuculline (10 mM).
(E) Inhibition of action potentials by TTX (2 mM) and entry of calcium into presynaptic terminals with 0 [Ca21]o and EGTA 2 mM does not
prevent tetany-induced GlyR currents (also in the presence of DNQX [10 mM], AP-5 [50 mM], and bicuculline [10 mM]). Scale bar in (A), 10 mm.
that is known to increase extracellular taurine concen- Hypoosmolarity is a trigger for taurine release from
cells in many systems (Kwon and Handler, 1995; San-tration in neocortical slices (Lehmann and Hamberger,
1984). Focal application of GES (100 mM to 1 mM) pro- chez-Olea et al., 1995; Conejero, 1997; Stutzin et al.,
1997), including immature cortical slices (Oja and Sa-duced large, slow inward currents that were reversibly
inhibited by strychnine (50 mM) (Figure 7A, n 5 40). GES ransaari, 1992, 1996). We therefore further tested the
hypothesis that taurine is the endogenous ligand actingcurrents were not altered by coapplication of DNQX (10
mM), AP-5 (50 mM), and bicuculline (10 mM) to block at the cortical GlyR by focally applying low osmolarity
artificial cerebrospinal fluid (ACSF) to early postnatalglutamate and GABA receptors (data not shown, n 5
5). GES had no direct action on the GlyR itself, as shown (P1±P4) slices during whole-cell recordings in the pres-
ence of DNQX (10 mM), AP-5 (50 mM), and bicuculline (10by application of the drug to outside-out patches con-
taining GlyRs (Figure 7B, n 5 7), suggesting that GES- mM). Hypoosmolar ACSF (110 mOsm) produced large
inward currents that lasted several seconds before re-evoked currents during whole-cell recording result from
an accumulation of taurine in the extracellular space. ducing to a low level of noise that was greater than
baseline noise prior to hypoosmolar treatment (FigureTo address whether the GES-evoked GlyR current also
occurred by nonconventional transmitter release mech- 7D, n 5 12). When strychnine was applied to the slice
prior to and during hypoosmolar treatment, inward cur-anisms, we coapplied TTX (2 mM), 0 [Ca21]o, and EGTA (2
mM), finding that GES-evoked currents persisted (Figure rents were never observed (Figure 7F, n 5 5), and when
strychnine was focally applied during the latter phase7C, n 5 5). Therefore, inhibition of taurine reuptake,
like focal tetanic stimulation, produces long-lasting GlyR of the response, an outward current with a decrease in
the noise was always observed (Figure 7E, n 5 6). Thus,activation that is not dependent on synaptic release.
Figure 6. Tonic Activation ofNeocorticalGlyRs
(A) In some neurons in the postnatal cortex,
a tonic activation of GlyRs by an endogenous
ligand is revealed by focal application of
strychnine (50 mM), which induces an out-
ward current and decrease in baseline noise
(n 5 11/21).
(B) In several very high resistance immature
cortical neurons, spontaneous GlyR channel
openings could be resolved during whole-cell
recording (n 5 5) that could be reversibly an-
tagonized by strychnine (50 mM).
(C) In neurons displaying spontaneous bicu-
culline-sensitive GABAergic PSCs, focal ap-
plication of strychnine can produce an out-
ward current without antagonism of the
sPSCs, further demonstrating specificity of
the strychnine effect for cortical GlyRs.
Glycine Receptors in Developing Neocortex
49
Figure 7. Blockade of Taurine Reuptake and
Hypoosmolar ACSF Both Cause Activation of
GlyRs
(A) Blockade of taurine uptake into cells via
high affinity sodium/taurine transport with
the specific inhibitor guanidinoethylsulfinate
(GES, 100 mM) produced slow, nondesensi-
tizing currents during whole-cell recording
that were reversibly antagonized by strych-
nine (50 mM, n 5 40), demonstrating that en-
dogenous taurine can act on the cortical
GlyR.
(B) GES (100 mM to 1 mM) did not gate GlyR
channels in outside-out patches containing
GlyRs (n 5 7), suggesting that the GES-
evoked GlyR currents in whole-cell record-
ings are indeed the result of taurine reuptake
blockade.
(C) As is thecase for tetany-evoked GlyR acti-
vation, GES-evoked activation of GlyRs is not
blocked by TTX (2 mM), 0 [Ca21]o, and EGTA
(2 mM).
(D) Focal application of hypoosmolar ACSF
(110 mOsm) to the slice causes large inward
currents in the presence of DNQX (10 mM),
AP-5 (50 mM), and bicuculline (10 mM).
(E) In the continued presence of low osmolar-
ity ACSF, the currents fatigue to a low level that can be antagonized by strychnine (50 mM; n 5 6).
(F) Application of strychnine (50 mM) prior to and during the application of 110 mOsm ACSF prevents the osmolarity-induced currents,
demonstrating mediation by GlyRs (n 5 5).
hypoosmolar shock causes release of an endogenous and fibers in the embryonic IZ. Cortical GlyRs are acti-
vated by both tonic- and tetany-induced release of anligand that activates the cortical GlyR.
For taurine to be the ligand released following neu- endogenous ligand, and inhibition of taurine reuptake
ronal stimulation, it must be stored in the early neocorti-
cal neurons we stimulated. While it is known that taurine
can be accumulated by GES-sensitive high affinity so-
dium/taurine uptake (Kishi et al., 1988) and synthesized
de novo (Ohkuma et al., 1986) by immature cortical neu-
rons in culture, a direct demonstration that taurine is
found in immature cortical neurons in situ has not been
made. Therefore, to determine if taurine is localized to
neocortical neurons at the ages studied, we performed
immunohistochemistry with a specific antibody against
taurine (Lu et al., 1991). As expected, intense taurine
immunoreactivity was localized to neurons of the em-
bryonic (E19) and early postnatal (P2) cortical plate (Fig-
ure 8). These results show that at the ages we studied,
high levels of taurine are stored in neocortical neurons.
Additionally, within the IZ, where newly postmitotic mi-
grating neurons were found to express GlyRs, taurine-
containing fibers were abundant (Figure 8). Taken to-
gether, the above evidence from inhibition of taurine
reuptake, hypoosmolar treatment, and immunocyto-
chemistry supports the hypothesis that the endogenous
ligand acting at the GlyR in immature neocortex is
taurine.
Discussion
Figure 8. Immunohistochemistry with a Taurine-Specific Antibody
in Developing NeocortexOur results demonstrate that glycine receptors are func-
At both E19 (shown) and P2, intense labeling was observed in neu-tionally expressed by migrating neurons and postmigra-
rons of thedeveloping cortical plate (CP). In addition,at E19, fibers intory, differentiating neurons in the embryonic and early
the intermediate zone (IZ), where migrating neurons express GlyRs,
postnatal cerebral cortex. Taurine, the most likely ligand show taurine immunoreactivity. No specific staining was observed
at these low affinity GlyRs, is abundant in developing in the ventricular zone (VZ) at E19 (data not shown). Scale bar,
30 mm.cortex and is localized to neurons of the cortical plate
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or treatment with hypoosmotic ACSF enhances endoge- et al., 1996; Ohkuma et al., 1996). Although our data
show that the endogenous GlyR ligand is released innous GlyR activation. These data demonstrate that
GlyRs depolarize neurons in response to a nonsynapti- the absence of action potentials and extracellular cal-
cium, and therefore appears to be an extrasynaptic re-cally released ligand and suggest that taurine is the
lease process, a more precise characterization of thisendogenous ligand acting at cortical GlyRs.
process awaits more data at the molecular level.In addition to the evidence presented here that taurine
A transmitter role for taurine acting on GlyRs in theis the most likely endogenous ligand at the cortical GlyR,
brain is supported by recent work on vasopressin neu-data on the relative abundance of glycine and taurine
rons in the hypothalamus. Taurine, which is stored insupport this hypothesis. Taurine is z4-fold more abun-
glial cells in the supraoptic nucleus, is released by hypo-dant in the cerebral cortex than it is in the spinal cord
osmolarity and activates GlyRs on vasopressin neurons,(Sturman et al., 1978), and the concentration of taurine
inhibiting neuronal firing and decreasing release of thein the developing cortex is comparable to that of the
antidiuretic hormone (Hussy et al., 1997). Although theseneurotransmitter glutamate (Agrawal et al., 1971; De
data clearly show that taurine can act as a neurotrans-Belleroche and Badford, 1973; Sturman et al., 1978). In
mitter in the brain, several interesting differences existcontrast, glycine is much less abundant in the cortex
between the system described in the hypothalamus andthan in the spinal cord (Aprison et al., 1969; Neal, 1971),
that described here, including the source of potentialand levels of glycine are more than 10-fold less abundant
taurine release (glial cells versus neurons), the likelythan glutamate in the cerebral cortex (Aprison et al.,
natural mechanism for release (osmolarity changes ver-1969; Neal, 1971; Smith et al., 1975). As expected, gly-
sus depolarization), and the end result of GlyR activationcine immunoreactivity is very high in the spinal cord
(inhibition versus excitation).(van den Pol and Gorcs, 1988; Clements et al., 1990)
In summary, we have demonstrated the existence ofbut very low in cerebral cortex (van den Pol and Gorcs,
a novel neurotransmitter system in the developing cere-1988). The glycine reuptake transporters GLYT1 and
bral cortex that involves nonsynaptic activation ofGLYT2 are also expressed at much lower levels in the
GlyRs. Our data support the hypothesis that taurine isdeveloping forebrain than in the brainstem and spinal
the endogenously released ligand acting on corticalcord of developing or adult rats (Zafra et al., 1995). In
GlyRs. A transmitter role for taurine acting on GlyRs maycontrast, the taurine reuptake transporter is highly ex-
help to explain earlier observations concerning taurinepressed in the rat neocortex (Smith et al., 1992). While
deprivation in the developing mammalian neocortex.it is possible that the low levels of glycine in the cerebral
Taurine deprivation of kittens in utero leads to low braincortex are sufficient to activate the high affinity glycine
weight and an apparent disruption of normal corticalsite of the NMDA receptor, the low affinity of the cortical
migration and differentiation (Palackal et al., 1986; Stur-GlyR characterized here makes it highly unlikely that
man, 1986). Our data suggest that this dramatic effectglycine contributes to GlyR activation in the developing
may be due to a disruption of the normal transmittercortex. In fact, it has recently been argued that glycine
signaling mediated by taurine and GlyRs during corticallevels in the developing forebrain might be insufficient
development. Given that depolarization-mediated intra-even to activate the NMDA receptor glycine site, and
cellular calcium increases during development havethat another ligand at this site, D-serine, is a more likely
been associated with migration (Komuro and Rakic,candidate (Schell et al., 1997).
1992; Komuro and Rakic, 1996) and differentiationEndogenous activation of GlyRs in developing neo-
(Kocsis et al., 1994; Solem et al., 1995), it is possible thatcortex appears to occur via release mechanisms that are
the excitatory and calcium-elevating action of taurine ondistinct from action potential- and calcium-dependent
cortical GlyRs plays a role in these processes. As themodes of neurotransmitter release. This observation is
expression of taurine and GlyRs during neocortical de-in accord with recent data suggesting that taurine re-
velopment occurs during the peak of synaptogenesis,lease from cultured cortical neurons and slices can oc-
it may be that GlyR signaling plays a role in synapsecur without extracellular calcium (Chen et al., 1996; Oh-
formation or stabilization by providing a nonsynaptickuma et al., 1996). In a variety of cell types, distinct
excitatory drive during early neuronal life.transport processes mediating taurine accumulation
and extrusion appear to coexist (Kwon and Handler,
Experimental Procedures
1995; Oja and Saransaari, 1996). High affinity taurine
uptake in the brain appears to be mediated by a 12 Electrophysiology
transmembrane domain sodium/taurine cotransporter Timed pregnant Sprague-Dawley rats were used for all electrophysi-
ological experiments, and in the case of postnatal experiments, thewith homology to other neurotransmitter transporters,
day of birth was defined as postnatal day 0 (P0). As previouslyconsistent with a role for this amino acid in transmitter
described (Owens et al., 1996), standard methods were used forsignaling (Smith et al., 1992). The mechanism that might
preparation of embryonic and postnatal neocortical vibratome
account for taurine efflux from early postnatal neocorti- slices. The extracellular ACSF solution contained (in mM): NaCl, 125;
cal neurons in response to depolarization and/or hypo- KCl, 5; NaH2PO4, 1.25; MgSO4, 1; CaCl2, 2; NaHCO3, 25; and glucose,
osmolar solutions is less clear. Several mechanisms 20 (pH 7.4 at 258C, 310 mOsm/L) and was bubbled with 95% O2/
5% CO2. For experiments involving hypoosmolar ACSF, normalhave been proposed to account for taurine efflux in
ACSF was diluted with distilled water. For all solutions, osmolarityvarious systems, including a chloride- and taurine-per-
was confirmed with a vapor pressure osmometer (Wescor). Borosili-meable ion channel (Kwon and Handler, 1995; Sanchez-
cate glass patch-clamp electrodes (8±12 MV) were filled with 129
Olea et al., 1995; Stutzin et al., 1997), chloride-indepen- mM CsCl, 10 mM HEPES, 2 mM CaCl2, and 11 mM EGTA (pH 7.3
dent taurine release (Sanchez-Olea et al., 1991), and at 258C, 265±275 mOsm/L). In experiments to test different concen-
trations of Cl2pipette, gluconate was substituted for Cl2 in the fillingreversal of the sodium/taurine uptake mechanism (Chen
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solution. Patch-clamp recordings were made either by the ªblind were stored digitally on a Macintosh computer with a frame grabber
(Scion).methodº (Blanton et al., 1989), with the slice visualized under a
dissecting microscope with fiber optic transillumination, or by infra-
red differential interference contrast videomicroscopy (IR-DIC; Dodt Immunocytochemistry
and Zieglgansberger, 1990) using an Olympus BX50WI microscope Rat neocortex at E19 and P2 was fixed by transcardial perfusion
(603 objective). Voltage- and current-clamp experiments were per- with 4% paraformaldehyde for GlyR antibody orwith 2% paraformal-
formed using an EPC-9 patch-clamp amplifier (Heka Electronic) con- dehyde/2.5% glutaraldehyde for taurine antibody and postfixed
trolled by a Macintosh computer running Pulse v. 8.0 software (Heka overnight prior to vibratome sectioning at 50 mm. Glutaraldehyde-
Electronic). Liquid junction potentials for all solutions used were fixed sections were pretreated with 0.5% sodium borohydride for
determined empirically using an agar bridge ground by the method 30 min and washed extensively in PBS. Immunocytochemistry was
of Neher (1992) and corrected post hoc. I±V relationships in whole performed using the Biotin/Avidin system (Vector Laboratories).
cell and channel recordings were determined with voltage±gated Sections were first treated in 0.3% H2O2 in water for 30 min. For the
potassium channels blocked by cesium and voltage±gated sodium GlyR monoclonal antibody MAb-4a (kindly provided by Dr. Joachim
channels inactivated by voltage clamps to 40 mV (2 s). I-V data were Kirsch), sections were blocked in 20% NGS for 1 hr and incubated
fit by a line, and dose-response curves were fit by the Hill equation with MAb-4a diluted at 1:100 in 1% NGS overnight at 48C. For the
of the form ([c/EC50]n) / ([11(c/EC50)]n), where c is the concentration polyclonal taurine antibody (kindly provided by Drs. Peimin Lu and
of agonist or antagonist and n is the Hill coefficient. For experiments John A. Sturman), sections were pretreated with 0.3% Triton/10%
involving evoked synaptic activity, 200 ms stimulation was applied NGS for 1 hr and incubated with taurine antibody (1:1000 in 3%
either by using a nichrome bipolar stimulating electrode (50±900 NGS/0.1% Triton) overnight at 48C. Sections were then incubated
mA) or by focal stimulation (10±150 mA) of individual neurons under in biotinylated secondary antibodies (Vector Laboratories) at 1:300
IR-DIC using a 2±3 MV patch pipette filled with ACSF. An interstimu- for 1 hr, placed in ABC reagent (Vector Laboratories) for 30 min and
lus interval of no less than 80 s was used to prevent response fatigue in peroxidase substrate solution (Vector Laboratories) until stained,
(Kriegstein et al., 1987). Tetanic stimulation consisted of 5±10 pulses and then mounted and coverslipped with Aqua-mount (Lerner Labo-
at 50 Hz. Interstimulus intervals for tetanic stimulation were no less ratories). Sections were washed in PBS two to three times between
than 5 min. Cross-desensitization experiments were performed by each step. For both taurine and GlyR immunocytochemistry, control
repeatedly applying taurine (1 mM) or GABA (10 mM) to neurons sections treated in an identical fashion without addition of primary
voltage-clamped at 260mV to establish baseline current responses. antibody produced no cellular staining.
Glycine (1 mM) was subsequently applied until the current desensi-
tized to a steady state, and taurine or GABA were then applied in the
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